Fluorescence imaging using the dye indocyanine green as a contrast agent was investigated in a prospective clinical study for the detection of rheumatoid arthritis. Normalized variances of correlated time series of fluorescence intensities describing the bolus kinetics of the contrast agent in certain regions of interest were analyzed to differentiate healthy from inflamed finger joints. These values are determined using a robust, parameter-free algorithm. We found that the normalized variance of correlation functions improves the differentiation between healthy joints of volunteers and joints with rheumatoid arthritis of patients by about 10% compared to, e.g., ratios of areas under the curves of raw data. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Rheumatoid arthritis (RA) is a long lasting disease which irreversibly degrades joints. The medical treatment currently available can only delay or stop the progression of the disease. 1, 2 Therefore, early identification of inflammatory destructive processes is important to prevent joint destruction with the help of corresponding therapies. 3 However, the most common imaging method, radiography, is not sensitive enough to detect small changes in early stages of the disease. Although it has been shown that a dynamic MRI could serve as a quasi-gold standard in this respect, in principle, it is rather expensive and not available all over. 4 Recent work [5] [6] [7] about the utilization of contrastenhanced near-infrared (NIR) imaging techniques for detection of rheumatoid arthritis has therefore attracted noticeable interest.
A pilot clinical trial showed that an NIR imaging system, in combination with the dye indocyanine green (ICG), has the potential for routine clinical application. 8 ICG can be used to spot the higher vascularization in inflamed tissue of joints affected by rheumatoid arthritis. 9 Due to its protein binding properties to albumin, it does not show extravasation for concentrations < 0.5 mg/ml (serum). [10] [11] [12] [13] Encouraged by the promising results of the above-mentioned pilot clinical trial, a prospective clinical study with an increased number of participants was conducted. The imaging system applied for this purpose allows a detailed real-time recording of the in-and outflow of an injected ICG bolus in both hands detecting the fluorescence radiation emitted by the circulating dye molecules after optical excitation. The challenge here is to distinguish between normal variations of the vascular system in healthy volunteers and abnormalities due to inflammatory processes of RA in patients.
The obvious approach of a visual evaluation of fluorescence images requires an intensive training of the evaluator. We hypothesized that a joint affected by RA should show a different dynamic of fluorescence intensity than that of an unaffected joint. Finger tips (FTs), which were assumed to be not affected by RA, were used for normalization. The differences between finger tips and joints are expressed and analyzed in terms of correlation function parameters. This article presents an analysis based on a correlated time series extracted from the recorded set of image frames, which results in a characteristic value for each joint defining its status.
In order to explain the data acquisition procedure, a brief description of the experimental setup is given. More detailed information about the technical specifications can be found in Ref. 9 . The computational tools are presented in Sec. 4 . The open source package, ImageJ, in conjunction with Java, has been applied to develop algorithms for the evaluation of recorded frame sets and differentiation of healthy and inflamed joints. 14, 15 2 Experimental Setup and Data Acquisition
Study Design and Patients
The evaluation reported in Sec. 3 includes data recorded during a prospective trial from a group of 14 healthy volunteers and 16 patients with RA. However, only the data of 12 healthy volunteers could be included in further analysis. Two volunteers have been excluded because their fingers were either accidentally contaminated with ICG or their finger nails had a fluorescent nail polish. The imaging equipment was installed in a clinical environment and measurements on patients and volunteers were performed according to the approval of the ethics committee. An informed consent was obtained from each participant. All patients and volunteers underwent a clinical examination before an optical examination. To perform optical investigations, a dose of 0.1 mg/kg body weight ICG was administered intravenously, at a dose which is lower than that used for other diagnostic applications. 16, 17 As described by Mothes et al., 17 fluorescence angiography using ICG has been proposed as a helpful indicator of freeflap perfusion in tissue transfers to the outer body. The dye is approved for use in cardiac and liver function diagnostics (Pulsion Medical Systems AG, Munich, Germany). Table 1 summarizes the data of volunteers and patients with rheumatoid arthritis. It is worth noting that there is a strong difference in age between volunteers and patients. It is not clear to us whether this circumstance may have an impact or not.
Data Acquisition
Optical excitation of the circulating contrast agent during measurements was achieved with a light-emitting diode (LED) array as an IR-light source, illuminating the field of view (1200 cm 2 , 400 μW/cm 2 ). An electron multiplying charge coupled device (EMCCD) camera was used to record the emitted fluorescence light with a surface spatial resolution of 2 pixels/mm. The exposure time of the camera was 130 ms. Kinetics of inflow and distribution of ICG were followed over a 10 min period after bolus injection by recording images with a rate of 4 frames/s. The hands of the investigated persons have been confined in a mask in order to suppress motion artifacts. The recorded frames have been corrected for light source fluctuation and illumination inhomogeneities. 9 The data analysis presented in Sec. 4 is based on a time series of fluorescence intensities measured for each joint and finger tip of the hands. To this end, a circular region of interest (ROI) was defined around each joint, in which the 90th percentile of the count rate of the fluorescence intensity was determined ( Fig. 1 ). The area of the circular ROIs was chosen after inspection of recorded data sets in order to safely cover the area of a certain type of joint with one size in all volunteers and patients. The investigations have been carried out with ROIs of 20 pixels in diameter placed over all finger tips. The diameter of ROIs over distal interphalangeal (DIP) joints was 24 pixels, over proximal interphalangeal (PIP) joints 28 pixels, and over metacarpophalangeal interphalangeal (MCP) joints 30 pixels. The diameter of ROIs in the small fingers was 20 pixel for DIP joints, 24 pixel in PIP joints, and 30 pixel in MCP joints. The time course of the fluorescence intensity in the ROI covering a joint was obtained by evaluation of the stack of subsequently taken frames. ROIs have been placed over all DIP joints, PIP joints, MCP joints, and finger tips.
By choosing the 90th percentile for evaluating the influence of high or low intensity outliers of all kinds was diminished. Throughout the stack of frames, the size of an ROI was fixed and ideally the position of the ROI follows possible motion of the enclosed joint. Due to the preformed support for the hand, only a few test subjects showed motion artifacts which could be corrected interactively. An automatic readjustment to ensure congruent placement of the ROIs over the joints, such as registering the stack of frames or joint tracking, was not necessary. Figure 2 shows a representative course of the fluorescence intensity in the finger tip and the PIP joint of a right index finger of a patient. The shape of the curve is similar for all joints in patients and volunteers. The measured fluorescence intensity in an ROI is composed of fluorescence originating from excited dye, not only in tissue, but also in arteries loading the area with dye and veins draining the area from dye. Due to the design of the human blood circuit, the effect of superposition is stronger in the proximal located MCP joint than the distal located PIP and DIP joints. Therefore, in comparison to the shown PIP-joint curve, the DIP joint curves are, in general, narrower and the curves in MCP joints show an increased half width. Within the investigated group of volunteers and patients, the recorded maxima of fluorescence intensity are not significantly higher in patients compared to volunteers.
Data analysis 4.1 Normalization
The dye ICG is mostly bound to blood plasma proteins, 10 and therefore, confined to the vascular system. The fluorescence of ICG recorded with our imaging system is therefore a measure of the vascularization in skin and tissue. However, the fluorescence intensity emitted from the surface of the hand is a two-dimensional (2D) projection of fluorescence photons from different depths in the hand. The dynamics of the ICG concentration at the point of observation is strongly dependent on the physiology of the blood circulation of the investigated person. Therefore, the measure is relative and not directly comparable between individuals. Already in the group of volunteers, fluorescence intensities of joints recorded as described in Sec. 3, show large variations in the time courses such as onset or maxima of fluorescence intensity. The onset time t 0 (see Fig. 2 ) of the strong increase in fluorescence intensity after the bolus injection in the PIP-ROIs varied, e.g., between 30 and 55 s. All recorded data sets showed a detectable increase in fluorescence intensity, always later than 20 s after bolus injection. Therefore, the onset time t 0 was defined as the time when the sliding average over 3 s (12 data points) of the intensity is increased by more than 30% over the average signal of the first 20 s. At bolus arrival, the intensity increases within 1 or 2 s by 1 order of magnitude. The time t max between bolus injection and occurrence of the maximum of fluorescence intensity in the PIP joints ranges between 80 and 240 s. The corrected maxima of fluorescence intensity are between 1600 and 5700 counts.
These strong individual blood flow properties have to be corrected to allow the comparison of joints from volunteers and patients with RA. Therefore, a normalization of the fluorescence intensities measured in the ROIs is necessary. For this purpose, we used the finger tips, an area unaffected by rheumatoid arthritis, as a measure of the input function of fluorescence intensity close to the finger joints. Due to the small spatial separation between the finger tip and corresponding joints, only the local differences in the dye concentration are of importance. Other effects such as the exponential decay of the fluorescence intensity caused by the ICG liver clearance are negligible.
To further reduce the influence of the individual blood circulation, in particular to get rid of the individual time between bolus injection and its appearance in the ROIs, the time t 0 was always used as a reference starting point for further evaluation of each time series, i.e., all data points with times t < t 0 have been removed, and the time scale was shifted to t = t − t 0 . Furthermore, the length of the analyzed time series has been restricted to 480 s.
Time Dependent Properties and Correlation
We defined a joint status based on fluorescence intensity ratios between the values of a joint and its corresponding finger tip. In a first approach, based on the experiences from our previous work, 8 different relative fluorescence parameters of such types (i.e., intensities of ROIs normalized to that of the finger tip) have been calculated from the raw data of the time series. For instance, the maxima, the means, and the increasing and decreasing slopes, have been computed and evaluated.
In the present study, these approaches did not very well discriminate volunteers and patients, when compared with the individual clinical diagnosis. Figure 3 shows, as an example, the cumulative frequency of the normalized means of fluorescence intensities of PIP-joints of volunteers and patients. The curves for volunteers and patients strongly overlap. Subsequently, sensitivity and specificity as a function of the normalized mean have been derived from the cumulative frequency plots shown in Fig. 3, and distinguished. The closer the value of the AUC comes to 1, the better the two groups are separated. An AUC-value close to 1 means the graph has a sensitivity of 100% almost everywhere.
The AUC of the ROC curve, based on sensitivity and specificity derived from the data of Fig. 3 , resulted in AUC-values below 0.7. We concluded from these results that the ratio analysis taking into account simple time-integrated values, or values at certain times, is of poor discriminative power, since the available time evolution has been not considered. The more the dynamics of intensities in the finger tip and joints differ, the more likely it is that the joint is affected.
As an improvement, we suggest, therefore, to include an analysis of the time information by correlating the time courses of the fluorescence intensities of a joint and its corresponding finger tip.
The correlation function ρ FT,Joint ( t) for a time shift t between the time-series of fluorescence intensities in the finger tip I FT (t n ) and a joint I J oint (t n ) is defined as:
The brackets · · · represent the time averaging of the enclosed entities. The correlation function has been calculated for positive and negative time shifts up to the maximum length of the prepared time series (480 s).
As for the treatment of raw data ratios mean, maxima, and variance of the correlation function have been analyzed and yielded the best results for the variance. The bolus distribution and liver uptake effects have been eliminated as before by dividing the variances for the joints with one of the corresponding finger tips:
To demonstrate the proposed method, time courses of the fluorescence signal observed in PIP joints have been analyzed. This group of joints contained a fairly high number of inflamed joints within the investigated group of patients. The number of investigated PIP joints is given in Table 2 . In Fig. 4 , the cumulative frequency of normalized variances of the correlation function for all PIP joint groups of volunteers and patients are plotted. It can be seen that the normalized values for volunteers show lower values than those for patients.
It is obvious from Fig. 4 , however, that the groups of volunteers and patients still overlap. However, the notched box plots presented in Fig. 5 show that the medians for volunteers and patients are clearly separated. These findings support thatwithin the evaluated group of individuals-our method based on variances of normalized correlation functions, allows to discriminate joints of RA patients from the joints of volunteers. For RA patients, a good separation between asymptomatic and inflamed joints was not possible. It must be noted that the latter result is mainly a consequence of the "gold standard" we had to compare with, but probably not a deficiency of our method. The comparison with inclusion criteria for RA (our quasigold standard) gave a result for all joints per patient only, i.e., all joints of RA patients were treated as having potentially inflamed joints without further differentiation. The worst separation with a poor AUC = 0.71 was, e.g., obtained for the group of PIP joints from the small fingers because a fairly high number of these joints
Joint group (17 out of 32) was without acute swelling or pain, but classified as RA because of the overall assessment.
The wide spreading of the presented results is caused by the individual physiological variation in vascular or skin properties, which are not completely eliminated by the proposed normalization procedure. The normalization areas are placed on finger nails, which we assume not to be strongly age dependent or having strongly varying tissue properties below the nail. The difference in age and different thicknesses of subcutaneous adipose tissue 18 between volunteers and patients, which causes different optical properties, are not yet taken into account.
ROC curves have been plotted and the area under the AUC was calculated in order to quantify the discriminating power. The results are presented in Fig. 6 . The best discrimination has been found for the PIP joints of the middle finger with an AUC of 0.81. Generally, normalized cumulative frequencies of normalized variances show an improved discrimination power compared to raw data analysis (see Figs. 3 and 4 ).
Summary
The normalized variances of the correlated time series extracted from contrast enhanced fluorescence imaging data are applicable to discriminate joints of healthy volunteers well from joints of patients with rheumatoid arthritis. Analyzing the fluorescence image series of the PIP joints has been clearly demonstrated. The MCP joints show similar results. DIP joints have not been analyzed because the number of joints affected by rheumatoid arthritis was too small.
The normalized variances of the correlation functions of fluorescence intensities of finger tips and associated joints are determined by a robust, parameter-free algorithm. Only the check of the correct placement of the ROIs requires an operator. More sophisticated evaluation procedures or imaging methods may improve the diagnostic power. Simulation of optical properties of finger joints and the pharmacokinetic behavior of the dye bolus are under way, which might provide further improvements.
